We have used sulfhydryl-modifying reagents to investigate the regulation of G-protein-activated inward rectifier potassium (GIRK) channels via their cytoplasmic domains. Modification of either the conserved N-terminal cysteines (GIRK1C53 and GIRK2C65) or the middle C-terminal cysteines (GIRK1C310 and GIRK2C321) independently inhibited GIRK1/GIRK2 heteromeric channels. With the exception of GIRK2C65, these cysteines were relatively inaccessible to large modifying reagents. The accessibility was further reduced by a mutation at the end of the second transmembrane domain that stabilized the open state of the channel. Thus it is unlikely that these cysteines line the permeation pathway of the open pore. Cysteines introduced 3 and 6 amino acids upstream of GIRK2C321 (G318C and E315C) were considerably more accessible. The effect of modification was dependent on the charge of the reagent. Modification of E315C in GIRK2 and E304C in GIRK1 by sodium (2-sulfonatoethyl) methanethiosulfonate (MTSES(؊)) increased the current by ϳ17-fold, whereas modification by 2-aminoethyl methanethiosulfonate hydrochloride (MTSEA(؉)), abolished the current. There was no effect on single-channel conductance. Members of the Kir family of potassium channels are regulated by many different intracellular ligands. For the GIRK 1 channels, it has been shown that G ␤␥ subunits (1-3), phosphoinositides (4 -6), and Na ϩ (7-9) all directly interact with the channel to increase activity. In contrast, polyamines and Mg 2ϩ interact with the channel to inhibit currents by a mechanism of pore blockade (10 -12). The majority of regulators of Kir channels bind to regions within the cytoplasmic N-and C-terminal tails of the Kir subunits. Kir subunits contain two transmembrane (TM) segments with a short N terminus and a long C terminus of between 200 and 300 amino acids. Little is known of the structure of the cytoplasmic regions or of the conformational changes that occur during the process of regulation.
We have used sulfhydryl-modifying reagents to investigate the regulation of G-protein-activated inward rectifier potassium (GIRK) channels via their cytoplasmic domains. Modification of either the conserved N-terminal cysteines (GIRK1C53 and GIRK2C65) or the middle C-terminal cysteines (GIRK1C310 and GIRK2C321) independently inhibited GIRK1/GIRK2 heteromeric channels. With the exception of GIRK2C65, these cysteines were relatively inaccessible to large modifying reagents. The accessibility was further reduced by a mutation at the end of the second transmembrane domain that stabilized the open state of the channel. Thus it is unlikely that these cysteines line the permeation pathway of the open pore. Cysteines introduced 3 and 6 amino acids upstream of GIRK2C321 (G318C and E315C) were considerably more accessible. The effect of modification was dependent on the charge of the reagent. Modification of E315C in GIRK2 and E304C in GIRK1 by sodium (2-sulfonatoethyl) methanethiosulfonate (MTSES(؊)) increased the current by ϳ17-fold, whereas modification by 2-aminoethyl methanethiosulfonate hydrochloride (MTSEA(؉)), abolished the current. There was no effect on single-channel conductance. Thus a switch in charge at this middle C-terminal position was sufficient to gate the channel open and closed. This glutamate is conserved in all members of the Kir family. The E303K mutation in Kir2.1 inhibits channel function and causes Andersen's syndrome in humans (Plaster, N. M., Tawil, R., Tristani-Firouzi, M., Canun, S., Bendahhou, S., Tsunoda, A., Donaldson, M. R., Iannaccone, S. T., Brunt, E., Barohn, R., Clark, J., Deymeer, F., George, A. L., Jr., Fish, F. A., Hahn, A., Nitu, A., Ozdemir, C., Serdaroglu, P., Subramony, S. H., Wolfe, G., Fu, Y. H., and Ptacek, L. J. Members of the Kir family of potassium channels are regulated by many different intracellular ligands. For the GIRK 1 channels, it has been shown that G ␤␥ subunits (1-3), phosphoinositides (4 -6) , and Na ϩ (7-9) all directly interact with the channel to increase activity. In contrast, polyamines and Mg 2ϩ interact with the channel to inhibit currents by a mechanism of pore blockade (10 -12) . The majority of regulators of Kir channels bind to regions within the cytoplasmic N-and C-terminal tails of the Kir subunits. Kir subunits contain two transmembrane (TM) segments with a short N terminus and a long C terminus of between 200 and 300 amino acids. Little is known of the structure of the cytoplasmic regions or of the conformational changes that occur during the process of regulation.
Kir subunits assemble as tetramers, and the second TM helices line the pore and form a gate that controls ion flux (13) (14) (15) (16) (17) . For different members of the Kir family, the region of high sequence similarity extends ϳ30 amino acids from TM1 into the N terminus and ϳ170 amino acids from TM2 into the C terminus. The cytoplasmic regions adjacent to TM1 and TM2 have been proposed to form an intracellular vestibule of the pore (18) . Modification of cysteines introduced into these regions of Kir2.1 inhibit channel currents, and at the E224C position the extent of inhibition was shown to be proportional to the size of the modifying reagent, suggesting that the mechanism was one of pore blockade. The Glu-224 residue in Kir2.1 and a histidine at a similar position in Kir6.2 (His-216) were also shown to affect polyamine block by electrostatic interactions, suggesting that they face the permeation pathway (19 -21) . Positively charged residues within the proximal C terminus are also known to be important for binding phosphoinositides, and an aspartate within this region of GIRK2 and GIRK4 mediates the activation of GIRK channels by Na ϩ (7) and inhibition by eicosanoids (22) .
The role of the highly conserved middle C-terminal region in Kir channel function is not well understood. It is also involved in binding phosphoinositides (6, 23) , and determinants of G ␤␥ binding have been identified within this region and within the proximal N and C termini (24) . A glutamate at position 299 in Kir2.1 was shown to have a profound effect on polyamine block (25) , which suggests that this segment might also contribute to an intracellular vestibule of the pore. For Kir1.1 there is good evidence that the C terminus is folded in such a way as to bring the middle segment in close proximity to the N-terminal-TM1 border (26, 27) . Intrasubunit electrostatic interactions between the arginine at position 311, the arginine at position 41, and lysine at position 80, shift the pk a value of Lys-80 by more than 3 pH units. The protonation of Lys-80 causes the movement of * This study was supported in part by the Wellcome Trust, Biotechnology and Biological Sciences Research Council and Swiss National Science Foundation. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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the N-and middle C-terminal regions with respect to one another, and the channel closes. Cysteines within these regions (Cys-49 and Cys-308) become accessible to modification when the channel closes but are inaccessible at high pH when the channel is open.
The movement of the N and C termini with respect to one another may be a gating conformational change that is common to many of the Kir channels but is induced by different regulators (26, 28) . The N-terminal cysteine is conserved in all of the Kir subunits, and modification of this cysteine in Kir6.2 (28), Kir1.1 (26) , and Kir2.1 (18) has been shown to inhibit channel currents. Similar to Cys-49 in Kir1.1, the accessibility of Cys-42 in Kir6.2 is reduced in the open state. In GIRK1/ GIRK4 heteromeric channels, the N-terminal cysteines were shown to mediate the redox modulation of channel currents (29) . Zeidner et al. (29) proposed that the neighboring lysines stabilize the oxidation of these cysteines, and as a result, mixed disulfides are formed by interaction with reduced glutathione, which inhibits channel activity. The GIRK subunits also have a cysteine within the middle C terminus that is at the homologous position as Cys-308 in Kir1.1. Its involvement in regulating channel activity has not been investigated. In this study we have used sulfhydryl-modifying reagents of different charge to look at the accessibility of endogenous and engineered cysteines within the N and middle C terminus of GIRK1/GIRK2 heteromeric channel and to investigate the control of gating by these domains. We demonstrate a critical role for charge within the middle C terminus in regulating the gating of GIRK channels. A preliminary account of these findings was reported in Murrell-Lagnado et al. (30) .
EXPERIMENTAL PROCEDURES
cDNA Clones and Construction of Point Mutants-Rat GIRK1 and GIRK2 cDNAs were subcloned into the BamHI and EcoRI site of the pBG7.2 vector (8) and into similar sites of the pGEMHE vector. The human m 2 muscarinic receptor was inserted into pBluescript KS (II)ϩ. The point mutations to GIRK1 and GIRK2 were performed in the pBG7.2 vector using the GeneEditor TM in vitro site-directed mutagenesis system (Promega). The double (GIRK1C53V,C179S and GIRK2C65V,C190S), triple (GIRK1C53V,C179S,C231S and GIRK2-C65V,C190S,C221S), and quadruple mutants (GIRK1C53V, C179S,C231S,C310V and GIRK2C65V,C190S,C221S,C321V) were generated by subcloning mutated segments using standard procedures. The sequences of all the constructs were confirmed by automated DNA sequencing.
Preparation and Microinjection of Oocytes-Oocytes were surgically removed from Xenopus laevis and dissociated from connective tissue as described in Ho and Murrell-Lagnado (8) . Isolated oocytes were microinjected with 50 nl of cRNAs dissolved in water. The in vitro transcription of cRNAs was performed as described previously (31) . Constructs in the pGEMHE vector were linearized with NdeI, and capped cRNAs were made using the T7 polymerase mMESSAGE mMACHINE kit (Ambion, Austin, TX). Injected oocytes were transferred to a Petri dish containing ND96 solution (mM) (96 NaCl, 2 KCl, 1.8 CaCl 2 , 1 MgCl 2 , 5 HEPES, pH 7.6, with NaOH) with 10 mg/liter gentamicin (Sigma) at 18°C for 3-6 days before recording.
Electrophysiology-Two-electrode voltage clamp recordings were performed with an OC-725B amplifier (Warner Instruments Corp., Hamden, CT) as described in Ho and Murrell-Lagnado (8) . Micropipettes filled with 3 M KCl had resistances between 0.5 and 2 megohms. In the continuous recording, the oocytes were sequentially perfused with ND96 solution, high K ϩ solution (mM) (90 KCl, 1 CaCl 2 , 1 MgCl 2 , 10 HEPES, pH 7.4, with KOH), 3 M carbachol in high K ϩ solution, and 1 mM BaCl 2 in high K ϩ solution. The holding potential was Ϫ80 mV, and records were filtered at 1 kHz.
Patch clamp recordings were made using an AXOPATCH 200A amplifier (Axon Instruments) as described in Ho and Murrell-Lagnado (8) . Pipettes filled with pipette solution (mM) (96 KCl, 1 MgCl 2 , 1.8 CaCl 2 , 10 HEPES, pH 7.2, with KOH) had resistances between 0.5 and 3 megohms. The bath solution contained (mM) 96 KCl, 10 EGTA, 20 HEPES, 0.5 MgCl 2 , 0.2 NaF, and 0.1 Na 3 VO 4 , pH 7.2. After addition of 5 mM MgATP, the free Mg 2ϩ concentration was calculated to be ϳ2 mM. Sulfhydryl-modifying reagents dissolved in the bath solution at the desired concentration were applied to inside-out membrane patches via an RSC-160 rapid solution changer (Biologic). The reagents used were DTNB (5,5Ј-dithiobis(2-nitrobenzoic acid) Sigma), MTS compounds (MTSET, (2-(trimethylammonium)ethl)methanethiosulfonate bromide; MTSEA, 2-aminoethyl methanethiosulfonate hydrochloride; and MTSES, sodium (2-sulfonatoethyl)methanethiosulfonate, Toronto Research Chemicals Inc., Canada), and DTT (dithiothreitol, Sigma). Currents were recorded at a holding potential of Ϫ80 mV, sampled at 5 kHz, and filtered at 1 kHz. Both 1-s and 10-s voltage ramps from Ϫ80 to ϩ 80 mV were performed throughout the recording to check that there were no non-inwardly rectifying channels present in the patch. To determine the single-channel conductance the holding potential was varied from Ϫ80 to Ϫ120 mV.
Data Analysis-The inhibition and activation rate constants following application of the sulfhydryl-modifying reagents were obtained by fitting single-exponential curves to the data with the Levenberg-Marquardt least-squares algorithm, using Igro Pro software (version 3, Wavemetrics, Lake Oswego, OR). The percent inhibition and activation were calculated after subtracting the leak current measured at ϩ80 mV. The values are presented as means Ϯ S.D. Single channel data were analyzed using TAC software to determine unitary current amplitudes and open time distributions (version 2.51, SKALAR Instruments, Seattle, WA). Statistical analyses were performed with Student's unpaired t test using InStat software (version 2.01, GraphPad). Levels of statistical significance were: * ϭ p Ͻ 0.001 and ** ϭ p Ͻ 0.05.
RESULTS

Mutation of Cytoplasmic Cysteines within GIRK1 and GIRK2 Produces Substantial Changes in Functional Expression-In
inside-out membrane patches from Xenopus oocytes, GIRK1/ GIRK2 channel activity was maintained by the inclusion of ATP in the bath solution, albeit at a lower level than basal cell-attached activity. Under these conditions, application of the sulfhydryl-modifying reagent, DTNB (500 M), produced a rapid and total inhibition of channel currents, and this was reversed by application of 10 mM DTT (Fig. 1A) . GIRK2 has 4 intracellular cysteines, 3 of which are conserved in GIRK1 (Fig.  1B) . To identify the target cysteine mediating inhibition by DTNB these 4 cysteines in GIRK2 and the conserved 3 cysteines in GIRK1, plus an additional cysteine at position 230, were replaced (Fig. 1B) . Initially we substituted either alanine or serine, however, at the N-terminal and middle C-terminal positions (C2 and C4), this profoundly inhibited basal and agonist-induced channel activity (Fig. 1C) . Instead, valine substitutions were better tolerated at both positions. At the C1 position the serine substitutions dramatically increased the basal current amplitude and reduced agonist-induced currents. This was shown previously for GIRK channels (17) , and it was proposed that mutations at this position stabilize an open conformation that in the wild type channel is stabilized by the binding of G ␤␥ subunits. Single-channel records showed that the mean open time was increased ϳ3-fold by this mutation (Table I ) without a change in the single-channel conductance. Another cysteine previously shown to be involved in the G ␤␥ gating of GIRK channels is C3 in GIRK4 (32) . Mutating the equivalent cysteine in GIRK2 (C221S) did not impair m 2 receptor-stimulation, although it did significantly reduce the amplitude of basal currents (p Ͻ 0.001). When mutations were combined to produce double (C1S,C2V), triple (C1S,C2V,C3S), and quadruple (C1S,C2V,C3S,C4V) mutant subunits, the basal currents were high because of the C1S mutation (Fig. 1C) .
N-and Middle C-terminal Cysteines Can Independently Mediate Inhibition by DTNB-The C1S mutation in GIRK1 and GIRK2 produced a ϳ2-fold decrease in the rate of inhibition by DTNB (Table I and Fig. 2 ) but did not affect the extent of inhibition. However, when this mutation was combined with the C2V mutation, there was no apparent inhibition of currents following a 2-min application of 0.5 mM DTNB (Fig. 2A) . We therefore conclude that inhibition by internal sulfhydryl compounds is mediated by modification of the N-terminal cys-teines. The slowing of inhibition by the C1S mutation suggests that the N-terminal cysteines are less accessible when the channel is in an open rather than closed conformation. Although the double mutant (C1S,C2V) channel was not inhibited by a 2-min application of 0.5 mM DTNB, it was blocked by 10 mM DTNB in a DTT-reversible manner ( Fig. 2A) . Mutating the C3 cysteines had no effect on DTNB inhibition, whereas substituting valines for the C4 cysteines rendered the channel insensitive to DTNB. These results indicate that modification of the C4 cysteines can inhibit channel currents independently of the N-terminal cysteines. These middle C-terminal cysteines are, however, relatively inaccessible to DTNB.
By coexpressing different combinations of mutant GIRK1 and GIRK2 subunits, we compared the cysteines in GIRK1 with those in GIRK2 in terms of their accessibility and influence on channel activity (Fig. 3) . A 1-min application of DTNB (0.5 mM) completely blocked GIRK1(C1S,C2V)/GIRK2(C1S) currents but had little effect on GIRK1(C1S)/GIRK2(C1S,C2V) currents (Fig. 3A) . Thus, only the GIRK2 N-terminal cysteine is readily accessible to DTNB, and its modification is sufficient for complete inhibition of the heteromeric channel activity. We tested whether the C1S mutation was substantially slowing access to either the GIRK1 C2 cysteine or the C4 cysteines by comparing the rates of inhibition of GIRK1/GIRK2(C2V) and GIRK1(C1S)/GIRK2(C1S,C2V) currents. There was a 2-fold increase in the rate constant without the C1S mutation (p Ͻ 0.001) indicating that access to these cysteines as well as the GIRK2 N-terminal cysteine is reduced when the open state is stabilized (Fig. 3B) .
At the Middle C-terminal Cysteine, Steady-state Inhibition Depends upon the Subunit and Nature of the Modifying Reagent-DTNB is a relatively bulky modifying reagent, so we used smaller MTS reagents to test whether the effect of modifying the C2 and C4 cysteines was dependent upon the size or charge of the modifying reagent. We coexpressed the GIRK1 single mutant (C1S) with the GIRK2 quadruple mutant (C1S,C2V,C3S,C4V), so that only C2 and C4 in GIRK1 were potential targets. MTSEA completely abolished channel currents with a rate constant of 89 Ϯ 2.0 M Ϫ1 s Ϫ1 (Fig. 3C ). This effect was probably mediated via C2 because with only the GIRK1 C4 present, MTSEA produced ϳ18% inhibition of the current (Table II and Fig. 3D ). Similar results were obtained with the larger MTSET and the negatively charged MTSES: they completely blocked currents when C2 and C4 were present in GIRK1 but produced little or no inhibition with only C4 present ( Fig. 3D and Table II ). All three MTS reagents also abolished currents through the GIRK1 quadruple mutant, GIRK2 single mutant heteromer. Thus, the inhibitory effect of modifying either the GIRK1 or GIRK2 N-terminal cysteine was not dependent upon the charge of the reagent. The effect of modifying the C4 residues was, however, dependent on the charge and size of the modifying reagent. At the GIRK1 C4 residue, only modification by DTNB produced a substantial inhibition of the current (Fig. 4D) . At the GIRK2 C4 residue, modification by DTNB and MTSEA completely abolished channel currents, whereas modification by MTSES produced only a 50% inhibition (p Ͻ 0.001). The nature of the C4 residue in GIRK2, therefore, has more influence on channel activity than C4 in GIRK1.
The mechanisms of inhibition mediated by the N-and middle C-terminal cysteines are unlikely to involve direct pore blockade by the modifying reagent. Three out of the four cysteines were relatively inaccessible to modification with and without the C1S mutation, and even the GIRK2 N-terminal cysteine became less accessible when the open state of the channel was stabilized by the C1S mutation. This is not consistent with the side groups of these residues lining the permeation pathway of the open pore. Therefore the effects must be on the gating mechanism of the channel.
Differential Regulation of GIRK Channel Gating by MTS Reagents of Different
Charge-To further investigate the involvement of the middle C-terminal region in regulating channel gating we introduced cysteines upstream and downstream of the C4 position (Cys-321) in the quadruple mutant GIRK2. These were coexpressed with the GIRK1 quadruple mutant subunit. Substituting cysteine for Arg-324 in GIRK2 had little effect on the basal or carbachol-induced whole cell currents (p Ͼ 0.05) (Fig. 4A) and did not confer sensitivity to DTNB (10 mM), suggesting that this residue is not involved in the gating of the channel. By contrast, substituting cysteine for Tyr-327 abolished functional expression of the heteromer (Fig. 4A) . Three and six residues upstream of C4 the G318C and the E315C mutations did not significantly alter either basal or carbachol-induced whole cell currents (p Ͼ 0.05) (Fig. 4A) . However, modification of either residue by MTSEA caused complete inhibition of channel currents with rate constants
FIG. 1. The effect of cysteine mutations on basal and agonistinduced GIRK1/GIRK2 currents.
A, application of DTNB to insideout membrane patches from oocytes expressing GIRK1/GIRK2 channels, inhibited inward currents in a DTT-reversible manner. The holding potential was Ϫ80 mV. B, alignment of cysteines within the cytoplasmic domains of GIRK1, GIRK2, Kir1.1, and Kir6.2 channels. The two transmembrane segments are indicated by the filled bar and cysteines are shown as circles. Filled circles indicate the cysteines that were mutated in this study, and these were named C1, C2, C3, and C4 as shown. C, wild type and mutant GIRK1 and GIRK2 subunits were coexpressed with the m2-muscarinic receptor in Xenopus oocytes. Between 3 and 5 days after injection of cRNAs, Ba 2ϩ -sensitive, high K ϩ -induced basal currents and carbachol (3 M)-induced currents were measured by 2-electrode voltage clamp with a holding potential of Ϫ80 mV. At the bottom are shown current amplitudes recorded from oocytes where GIRK1 and GIRK2 contained either two (C1S,C2V), three (C1S,C2V,C3S), or four (C1S,C2V,C3S,C4V) mutations. Data are presented as mean Ϯ S.D. (n ϭ 4 -6). The asterisk indicates where either the basal or agonist-induced currents were significantly different from wild type (p Ͻ 0.001).
between 4-and 6-fold faster than for Cys-321 (p Ͻ 0.001) (Fig.  4B) . The larger reagent MTSET inhibited the E315C mutant with a rate Ͼ10-fold faster than for Cys-321 (p Ͻ 0.001) (Fig.  4B) . Therefore, the side groups at the 315 and 318 positions are considerably more accessible than the side group at the 321 position.
At G318C, the negatively charged MTSES also inhibited channel currents (Fig. 4B ), but at the E315C residue MTSES had the opposite effect to that of MTSEA and caused a 2-fold activation of channel currents (Fig. 4, C and D) . We substituted cysteine for the equivalent glutamate in the quadruple mutant GIRK1 (E304) and observed a similar effect: ϳ2-fold potentiation of the current by MTSES, although neither MTSEA nor MTSET caused an inhibition (Fig. 4C) . When the GIRK1 E304C mutant was coexpressed with the GIRK2 E315C mutant, there was a substantial reduction in the amplitude of the whole cell currents compared with the wild type channel (Fig.  4A ) (p Ͻ 0.001). In this case, application of MTSES increased the current by ϳ17-fold, whereas MTSEA and MTSET caused complete inhibition. Thus, it appears that the loss of all negatively charged groups at this position within the heteromeric complex has a dramatic inhibitory effect on the current. Neutralization of two out of four residues can be tolerated and so can positive charge at the GIRK1 Glu-304 position, although not at the GIRK2 Glu-315 position. MTSES not only increased the inward current, it also reduced the extent of channel rectification, as shown by ramping the voltage from Ϫ80 to ϩ80 mV (Fig. 4C) .
To determine whether the effect of charge at the 304/315 position was on single-channel conductance or on the gating of the channel, we compared single-channel currents of the quadruple mutant channel and the E304C/E315C mutant channel before and after modification by MTSES (Fig. 5) . Neither the mutation nor MTSES modification altered the single-channel conductance. The most obvious effect of applying MTSES was an increase in the open probability of the channel that was caused by an increase in the frequency of openings. The duration of the individual openings, however, did not increase, and there were more individual brief openings that were not fully resolved.
DISCUSSION
Within the cytoplasmic regions of GIRK channel subunits there are three conserved cysteines (C1, C2, and C4). Although they are widely dispersed within the polypeptide sequence, all three have an important role in the gating of the channel. Substitutions at C1 dramatically potentiated the basal activity 
FIG. 3.
A comparison of the effects of modifying either GIRK1 or GIRK2 cysteines on channel currents. A, rapid inhibition of GIRK1/GIRK2 channels by DTNB is via modification of the N-terminal cysteine in GIRK2 (C65). The GIRK1 C2V mutation had no effect on the rate of inhibition by DTNB, whereas the GIRK2 C2V mutation abolished the response to a 40-s application of 0.5 mM DTNB. Currents were recorded from inside-out patches, and the dashed line represents zero current. The corresponding inhibition rate constants are shown alongside (B). Removing the C1S mutation produced a small but significant (p Ͻ 0.001) increase in the rate of inhibition of the G1/G2(C2V) mutant. C, histogram comparing the inhibition rate constants for MTS compounds of different size and charge when either the GIRK1 or GIRK2 cysteines were present. The difference in the accessibility of C2 in GIRK1 and GIRK2 became less apparent when the smallest reagent (MTSEA) was applied. D, the effect of modifying the middle C-terminal cysteine in GIRK1 and GIRK2 is dependent upon the size and charge of the modifying reagent.
of the channel, whereas substitutions at C2 and C4 inhibited channel activity. Modification of C2 and C4 by sulfhydryl reagents was also found to have a profound inhibitory effect on channel currents. From the rate of inhibition it is apparent that access to the C4 cysteines and the C2 cysteine in GIRK1 for the relatively bulky DTNB is restricted, whereas C2 in GIRK2 is more exposed. The accessibility was state-dependent and decreased when the open state of the channel was stabilized by mutating the cysteine at the end of TM2 (C1S). The restricted accessibility of these cysteines is not consistent with them lining the permeation pathway of an inner vestibule of the open pore. Also, the dramatic decrease in channel function when either the C2 or C4 cysteines were mutated to alanine suggests that the side groups are buried in the open conformation rather than projecting into a water-filled vestibule. Therefore the mechanism of inhibition by the modifying reagents is unlikely to be one of direct pore blockade. Instead we favor an allosteric mechanism by which modification destabilizes the open state of the channel. Immediately upstream of C4 the cysteines introduced into GIRK2 at positions 318 and 315 were considerably more accessible than C4 itself. The rapid modification of Cys-318 and Cys-315 by the positively charged MTSEA produced complete inhibition of channel currents. In contrast, modification of Cys-315 by the negative MTSES caused a rapid activation of channel currents. Thus, a switch in charge at this single position within the middle of the GIRK2 C terminus appears to be sufficient to gate the channel open or closed.
Both GIRK1 and GIRK2 have a glutamate at the 304/315 position, and when the GIRK1 E304C and GIRK2 E315C mutants were coexpressed, the functional expression was extremely low, thus indicating the important regulatory role of the endogenous acidic residue. Single channel records indicate that negative charge at this position does not affect the singlechannel conductance but rather increases the open probability of the channel. The open state was stabilized when only two out of four subunits had a glutamate at this position. Individually the E304C and E315C mutations had little effect on the amplitude of the whole cell currents, and modification by MTSES produced a modest 2-fold enhancement in the current compared with the 17-fold increase when both glutamates were mutated to cysteine. This glutamate is conserved in all members of the Kir family. A mutation of this glutamate to lysine in 
FIG. 4. Up-and down-regulation of GIRK channel currents by MTS compounds of different charge.
A, the effect of substituting cysteine for amino acids upstream and downstream of GIRK2(C321) on basal and carbacol-induced whole cell currents was measured by twoelectrode voltage clamp. Neutralizing the glutamate at the Ϫ6 position in GIRK1 and GIRK2 had a dramatic inhibitory effect on functional expression (*, p Ͻ 0.001). All mutations were carried out in the quadruple mutant background. B, GIRK2(C318) and GIRK2(C315) were considerably more accessible to modifying reagents than GIRK2(C321) (*, p Ͻ 0.001; **, p Ͻ 0.05). C, modification of GIRK2(C315) by positively charged MTS compounds inhibited currents, whereas modification by the negatively charged MTSES activated channel currents. Modification of GIRK1(C304) by MTSES also activated the currents. Currents are shown normalized to one another and the dashed line indicates zero current. In the right-hand panel the voltage was ramped from Ϫ80 to ϩ80 mV before and after application of MTSES. D, for all three mutants, MTSES produced a significant increase in the amplitude of the current (p Ͻ 0.001). The effect was much greater when cysteine was substituted for both GIRK1(E304) and GIRK2(E315) rather than the mutation in only one of the two subunits. The activation rate constants shown alongside indicate that Cys-304 and Cys-315 were very accessible. Kir2.1 has been identified as one of the mutations responsible for Andersen's syndrome in humans (33) and has been shown to dramatically reduce Kir2.1 currents (34) . In a recent study by Chen et al. (35) , they showed that mutating this conserved glutamate in GIRK1 and GIRK2 to alanine substantially reduced the amplitude of the whole cell currents but did not affect single-channel conductance. The conserved role of this glutamate in G-protein-sensitive and -insensitive channels suggests that this residue is of fundamental importance in the gating of all inward rectifiers. The effects of cysteine modification at this position are therefore unlikely to involve a change in the interaction between GIRKs and G-proteins.
All members of the Kir family are activated by phosphoinositides and three independent sites within the C terminus of Kir2.1 were identified as binding PIP 2 -containing liposomes (23) . This included regions upstream and downstream of the equivalent region that we have mutated around C4. Cukras et al. (6) used a different membrane association assay to identify a region from 170 to 320 in Kir6.2 as the essential core of the lipid-interacting domain. Based on predictions of the secondary structure of this region they proposed that the segment from Asp-306 to Phe-315 formed a conserved alpha helix. Mutations on one face of this putative helix abolished channel activity and reduced the membrane association of the C-terminal fragments. The equivalent region in Kir3.2 extends from Thr-329 to Phe-339, whereas the region that we mutated from Glu-315 to Tyr-327 is immediately upstream of this putative helix and downstream of a putative beta strand. It is unlikely that the mutations or modifications that we made involved residues that directly interact with phospholipids. Negative charge would be expected to reduce rather than promote the binding of PIP 2 . One possibility is that the structure of the nearby PIP 2 binding regions was disrupted by the modifications. Our preferred hypothesis, however, is that the region around C4 of GIRKs is important for coupling the binding of phospholipids to stabilization of the open state of the channel.
The mechanism for pH-dependent gating of Kir1.1 appears to involve a close association between the N and middle C terminus when the channel is open that is disrupted when the channel closes (26, 27) . The decrease in the accessibility of C2 and C4 in GIRKs when the channel open state is stabilized by the C1S mutation is similar to what was reported for the conserved cysteines (Cys-49 and Cys-308) in Kir1.1. For Kir1.1, modification of these cysteines by DTNB required the channel to be closed at low pH (26) . In Kir6.2, Jones et al. (36) identified three segments within the C terminus that interact with the N terminus. One of these was from 279 -323, which includes the region homologous to the middle C-terminal segment that we mutated in the GIRK subunits. One possibility is that the proximal N terminus and middle C terminus of Kirs contribute to a gating ring just inside the cytoplasm similar to what has recently been shown for the Ca 2ϩ -activated K ϩ channel MthK (37, 38) . In MthK there is a structural domain within the C terminus called the RCK domain that is important for gating. Eight of these domains form a gating ring, and Ca 2ϩ ions bind between adjacent domains causing a reshaping of the interfaces between these domains, thereby exerting a force on the pore-lining helices that opens the pore. By analogy we propose that modification of the charge at the 304/315 position gates the channel by an allosteric mechanism involving a change in the relative orientations of the N-and middle C-terminal segments of the subunits.
